Light-and C02-saturated photosynthetic rates of the submersed aquatic plants Hydrilla verticillata, Ceratophyllum demersum, and Myriophyllum spicatum were 50 to 60 nLmol OJmg Chl hr at 30 C. At ar levels of C02, the rates were less than 5% of those achieved by terrestrial C3 plants. The The majority of terrestrial plants can be classified as C3 or C. plants, based on specific characteristics associated with their photosynthetic pathways (4). C4 plants typically have higher photosynthetic rates and greater productivity than C3 plants (4). The photosynthetic mechanisms of submersed macrophytes, although basic to their productivity, have received limited attention. For Hydrilla and Ceratophyllum, the photosynthetic pathways and most of the associated characteristics are unknown. Myriophyllum apparently exhibits characteristics of both C3 and C4 plants. The initial product of CO2 fixation is 3-P-glycerate (29), as in C3 plants; but it reportedly also has a high optimum temperature for photosynthesis and a low CO2 compensation point (29), which are characteristics usually associated with C4 plants. In contrast, the submersed macrophytes Egeria densa and Lagarosiphon major, which belong to the same family as Hydrilla, possess CO2 compensation points similar to those of C3 plants, and their photosynthesis is inhibited by 02 (9). Thus, aquatic macrophytes appear to exhibit some diversity in regard to their photosynthetic mechanism.
Relatively high CO2 compensation points under 1% 02 indicated that some "dark" respiration occurred in the Light. The inhibition of photosynthesis by 02 was less than with terrestrial C3 plants. Glycolate oxidase activity was 12.3 to 27.5 Fmol OJmg Chl hr, as compared to 78.4 for spinach. Light saturation of photosynthesis occurred at 600 to 700 ueinsteins/m2 sec in each species grown under full sunli ht. Hydrilla had the lowest light compensation point, and required the least irradiance to achieve the half-maximal photosynthetic rate.
Field measurements in a Hydrilla mat indicated that in the afternoon, free CO2 dropped to zero, and 02 rose to over 200% air saturation. Most photosynthetic activity occurred in the morning when the free CO2 was highest and 02 and solar radiation lowest. The low Lght requirement of Hydrilla probably provides a competitive advantage under these field conditions.
Hydrilla verticillata is a submersed, fresh-water angiosperm in the family Hydrocharitaceae. Since its introduction into Florida in 1960, it has become widely distributed, and is now regarded as a major aquatic weed problem in the Southeastern states (19) . replaces native submersed species (19) , such as Ceratophyllum demersum. The reason for this rapid dominance is uncertain. Myriophyllum spicatum is a submersed macrophyte that was also introduced, although earlier, into the United States. It has become widespread in the Northeast, but for reasons unknown, its distribution in Florida is limited. A major objective of this study was to compare the photosynthetic characteristics of these aquatic species in an attempt to explain the competitive success of Hydrilla.
The majority of terrestrial plants can be classified as C3 or C. plants, based on specific characteristics associated with their photosynthetic pathways (4) . C4 plants typically have higher photosynthetic rates and greater productivity than C3 plants (4) . The photosynthetic mechanisms of submersed macrophytes, although basic to their productivity, have received limited attention. For Hydrilla and Ceratophyllum, the photosynthetic pathways and most of the associated characteristics are unknown. Myriophyllum apparently exhibits characteristics of both C3 and C4 plants. The initial product of CO2 fixation is 3-P-glycerate (29) , as in C3 plants; but it reportedly also has a high optimum temperature for photosynthesis and a low CO2 compensation point (29) , which are characteristics usually associated with C4 plants. In contrast, the submersed macrophytes Egeria densa and Lagarosiphon major, which belong to the same family as Hydrilla, possess CO2 compensation points similar to those of C3 plants, and their photosynthesis is inhibited by 02 (9) . Thus, aquatic macrophytes appear to exhibit some diversity in regard to their photosynthetic mechanism.
In an aquatic environment, the inorganic carbon can exist in several forms: free C02, H2CO3, HC03-, or C032-, depending on the pH. For both aquatic and terrestrial plants, free CO2 is the form most readily utilized for photosynthesis (25) . A number of submersed plants, including Myriophyllum, reportedly can use HCO3-ions in addition to free CO2 for photosynthesis (30) . Recent work, however, suggests that several aquatic species are unable to use HC03-ions (9) . It has been argued that the ability to use HC03-ions would provide an aquatic plant with a competitive advantage in alkaline waters (21) . A further factor that may influence the competitive success of an aquatic plant is its photosynthetic response to light. Egeria, for example, reportedly replaces both Elodea and Lagarosiphon because of its lower light requirement for photosynthesis (9) . In this study, we have examined the ability of Hydrilla, Ceratophyllum, and Myriophyllum to use HCO3-ions for photosynthesis and also the photosyn-measurements were made within 2 to 3 days of collection. Plants were held at 25 C in aerated lake water under a 12-hr day. All plants were washed free of epiphytes and bacteria before use. Spinach (Spinacia oleracea L.) was locally purchased. Soybean (Glycine max [L.] Merrill) and maize (Zea mays L.) were greenhouse-grown.
As used in this paper, NaHCO3 refers to the total inorganic carbon, HCO3-refers to bicarbonate ions, and free CO2 refers to H2CO3 and CO2, calculated on the basis of published equilibrium constants (16, 21) .
Field Measurements. Environmental parameters were measured in Lake Killarney, in the surface 5 cm of a Hydrilla mat over a 24-hr period. Free CO2 and HC03-levels were determined according to standard methods (1) . Temperature (15) . Carbonic anhydrase activity was determined by a modified Veronal indicator method (13) . The Chl concentration was determined by the method of Arnon (2) .
RESULTS
Field Measurements. In many Florida lakes during spring through autumn, Hydrilla plants form mats of vegetation just below the water surface. Light penetration through the mat is small, and net photosynthesis appears confined to the apical portions of the plant at the mat surface (19) . In Figure 1 are plotted various photosynthesis-related parameters, measured over a 24-hr period in the surface 5 commenced, was overcast, whereas day 2 was clear and warmer, which accounts for the slight variation in results between the two days. Large diurnal fluctuations in pH, 02, HCO3-, and free CO2 were found. Free CO2 and HCO3-were highest at night, presumably due to respiration, but soon after sunrise (06.30 hr), they began to decline, and by the afternoon of day 2, they were both virtually zero. Conversely, due to the changes in inorganic carbon, the pH reached a low value of 7.1 at night but rose to a high of 10.2 in the afternoon of day 2. Oxygen during the night was low, being less than the air-saturated level, but by noon of day 2, it reached a maximum of 16.7 mg/l, equivalent to over 200% air saturation. Similar diurnal fluctuations have been previously reported for dense areas of aquatic vegetation (9) . During this 24-hr period, temperatures varied from 25.2 to 31.8 C, however July values as high as 38 C have been measured in Hydrilla mats.
From the 02 and temperature data in Figure 1 , it was possible to calculate the approximate photosynthetic and respiratory activity of the mat over the 24-hr period (18) . The data indicate ( Table I ) that the bulk of the photosynthetic activity occurred between sunrise and noon; net photosynthesis in the afternoon hours was very low. The negative values for the evening and night hours denote respiratory 02 uptake.
In Figure 2 is plotted the irradiance intercepted by a mat as a function of time after sunrise. The day was clear and the full sun value was 2150 ,ueinsteins/m2 sec. Even 3 hr after sunrise, the irradiance at 5 cm depth was still only about half of the maximum attainable. Corresponding values for the surface, and light (28, 30) . With 0.6 mM NaHCO3 as the inorganic carbon source, we observed similar results for 02 evolution by Hydrilla (Fig. 3) . The concentration of 0.6 mm NaHCO3 (equivalent to 36.6mg HCO3j/l) approximated the highest inorganic carbon levels in the lakes from which the plants were collected. The highest, light-saturated, photosynthetic rates were obtained at pH values between 3.1 and 5.8. Above pH 5.8, the rate declined, falling to almost zero at 9.2 (Fig. 3) . Although experimentally the highest photosynthetic rates were obtained at low pH, the measured pH values in Hydrilla mats from which the plants were collected ranged from pH 7.1 to 10.2 ( Fig. 1) . The data in Figure 3 for pH values above 7 probably reflect the range of light-saturated photosynthetic rates that occurs in the natural environment. In Figure 3 , the per cent free CO2 present at the various pH values is also shown. With an exception at about pH 5.8, the photosynthetic rate paralleled the free CO2 concentration.
In Figure 4 , photosynthetic rates of Hydrilla, Ceratophyllum, and Myriophyllum, as a function of the free CO2 concentration, are compared at pH 4 and pH 8. At pH 4, free CO2 comprised 99.3% of the total inorganic carbon in solution, while at pH 8 it was only 1.4%. For reference, the total concentrations of NaHCO3 at pH 8 are also plotted on the abscissa. For each species, the maximum rate of 02 evolution was similar at pH 4 and pH 8. However, at pH 4, saturation was achieved with 0.5 mM NaHCO3, whereas at pH 8, 35 mm NaHCO3 was required to saturate photosynthesis. The free CO2 level at these two NaHCO3 concentrations was similar, approximately 0.5 mM. It would appear that the apparent inhibition by high pH in Figure 3 was an indirect effect of high pH decreasing the free CO2 level. There was no evidence that pH per se had any direct effect on the photosynthetic rate during these short term experiments. For a given subsaturating level of free CO2, the photosynthetic rates of the three species were actually higher at pH 8 than at pH 4 4.) The higher rates at pH 8 may be attributable to use of HCO3-ions in addition to free CO2 (25, 30) . The enhancement of photosynthetic rate at pH 8 was similar for each of the three species. On a percentage basis, the enhancement was greatest at the lowest levels of free CO2 and declined to zero at saturating free CO2 concentrations. It would appear that free CO2 was the preferred form of inorganic carbon, because at saturating levels of free C02, increasing the HCO3-concentration had a negligible effect on the photosynthetic rate (Fig. 4) and compared with HCO3-, much lower concentrations of free CO2 were required to achieve a given photosynthetic rate.
Carbonic anhydrase, which catalyzes the reversible hydration of C02, may be involved with the ability of plants to use HCO3-ions for photosynthesis (13, 25) . The activity of this enzyme in leaf extracts of Hydrilla, Ceratophyllum, and Myriophyllum was found to be only 253, 292, and 207 units/mg Chl, respectively, as compared to 6283 units/mg Chl in a spinach leaf extract, spinach being representative of terrestrial C3 plants. However, in terms of absolute rates at 0 C (31), the carbonic anhydrase activity in the aquatic species was still far in excess of that required to support HC03-utilization.
In Table II are listed photosynthetic rates, for the three aquatic species at light and CO2 saturation at pH 8. They probably represent close to the maximum rates attainable by these three species at 30 C, and as far as can be ascertained, they are the highest rates reported for submersed aquatic angiosperms. However, they are only about 10% of the maximum light and C02-saturated photosynthetic rates achieved by terrestrial angiosperms (26) and by the fresh-water alga, Chlamydomonas (5). Also listed in Table II are light-saturated photosynthetic rates at air levels of CO2 (340 ,lI C02/l in the gas phase, or 0.42 mg C02/l in the aqueous phase) at pH 5.5. The rates observed for the three aquatic species were less than 5 % of those obtainable with terrestrial C3 plants under comparable CO2 levels (24) . The observation in Table II that (Table II) , although still not to the level attained by terrestrial plants. This effect of pH on the apparent Km(CO2) may be related to the decreased Km(CO2) observed at high pH with RuDP carboxylase from spinach (8) , or it may reflect the use of HCO3-ions at alkaline pH values.
Among terrestrial C3 plants, RuDP carboxylase has been suggested to be an important rate-limiting step in light-saturated photosynthesis (3) . The activity of this enzyme, together with the activity of PEP carboxylase, was determined in crude extracts of the three aquatic species (Table III) . In each case, RuDP carboxylase was the predominant carboxylation enzyme. On a Chl basis, the RuDP carboxylase activities corresponded closely with the maximum photosynthetic rates attained by the three species (Table II) . Although for the aquatic species, the activities of both carboxylases were lower than for spinach (Table III), the ratio of PEP to RuDP carboxylase was similar to spinach, being in the range generally found with C3 plants (6, 23 carboxylases (Table III) , despite the high apparent Km(CO2) for photosynthesis in the aquatic species (Table II) .
Terrestrial C3 plants, because of the 02 sensitivity of the initial carboxylation enzyme, RuDP carboxylase (6, 7) , exhibit a marked inhibition of photosynthesis at atmospheric levelsof 02- Figure 5 shows the effect of 02 on photosynthetic CO2 fixation by the three aquatic species at 340 -lI C02/l in the gas phase. On the abscissa is plotted per cent 02 in the gas phase, and for reference, the equivalent mg 02/1 dissolved in the aqueous phase. The photosynthesis of all three species was inhibited by 02. At 21%02 (7.9 mgIl), Hydrilla and Ceratophyllum were inhibited 20.5% and 20.2%, respectively, whereas Myriophyllum was only inhibited 9.3%.
A further characteristic of C3 plants is a high CO2 compensation point due to photorespiratory CO2 release in the light (12) . Table IV presents the CO2 compensation points at 25 C of the three aquatic species in 21% and 1% 02 gas phase, and for comparison the values for soybean and maize leaves. The aquatic species were freshly collected from their aquatic habitats. The pH of the medium was held at pH 5.5 because in preliminary experiments, high pH levels reduced the CO2 compensation point, confirming the report of Brown et al. (9) . In our system, this was found to be an artifact. Bicarbonate formation in high pH solutions acted as a sink for free C02, and thus reduced the CO2 in the gas phase measured by the analyzer. At pH 5.5 and 21% 02, the aquatic species exhibited higher CO2 compensation points than are found with terrestrial C4 plants such as maize (Table IV) . Hydrilla and Ceratophyllum were similar to the terrestrial C3 plant, soybean; however Myriophyllum was intermediate between soybean and maize (Table IV) . In terrestrial C3 plants at 1% 02, photorespiration is negligible, and hence the CO2 compensation point is typically close to zero. For the three aquatic species, relatively high values were obtained at 1% 02 (Table IV) .
Glycolate oxidase activity is associated with an active photorespiratory pathway, being relatively high in C3 plants and usually much lower in C4 plants (22) . In the three aquatic species under investigation, glycolate oxidase activity was detectable in leaf extracts, but at a level lower than in spinach (Table IV) . It was appreciably higher than measured in leaf extracts of maize (Table IV ).
In Figure 6 is shown the effect of increasing irradiance on the photosynthetic CO2 fixation rate of the three aquatic species and also Cabomba caroliniana, a native submersed macrophyte common to Florida waters. As in the natural habitat, the CO2 concentration was subsaturating at 340 ,ul/l in the gas phase. All of the plants were freshly collected from surface waters exposed to full sun. The species tested did not differ greatly in the irradiance required to saturate photosynthesis; saturation occurred at about 600 to 700 tLeinsteins/m2 -sec (Fig. 6 ). Hydrilla and Ceratophyllum had similar photosynthetic rates at light saturation (Fig. 6) , Cabomba had the lowest rate. The rates of dark respiration were similar for the species investigated, being 2 to 3 ,tmol CO2 evolved/mg Chl hr. Of the species examined, Hydrilla exhibited the lowest light compensation point (Fig. 6 ) and the lowest irradiance requirement to achieve half of the lightsaturated rate ('/2Vmax). Thus, at the light compensation of Ceratophyllum (35 Aeinsteins/m2 -sec), Hydrilla was capable of photosynthesizing at 27% of its light-saturated rate.
DISCUSSION
The classification of submersed fresh-water plants in terms of their photosynthetic carbon fixation pathway is somewhat obscure (4) . In this study, Hydrilla, Ceratophyllum, and Myriophyllum exhibited a number of characteristics associated with the C3 photosynthetic pathway. The predominant carboxylation enzyme was RuDP carboxylase, which supports the finding that 3-PGA is the major first product of photosynthetic carbon fixa- data), which may account for the conflicting reports with submersed aquatic plants (9, 29) . Unlike more typical C3 plants, the CO2 compensation points of the aquatic species remained quite high under 1% 02 in the gas phase. A similar result has been reported for Egeria densa (9) . It may indicate that dark respiration in these aquatic species continues unabated in the light. At 340 ,ul/l CO2 in the gas phase, dark respiration was equivalent to over 50% of the light-saturated net photosynthetic rate. For terrestrial plants, dark respiration in the photosynthetic tissues is typically only 5 to 10% of photosynthesis (33) .
A high CO2 compensation point under 21% 02 suggests an active photorespiratory pathway, with concomitantly high glycolate oxidase activity (4, 12, 22) . In the aquatic species examined, the activity of glycolate oxidase was between 15 and 35% of that 58, 1976 anatomically more similar to C3 than to C4 plants. From these considerations, it appears that the three aquatic species examined are basically C3 plants, although in certain respects they are atypical of this grouping.
In the field, Hydrilla often appears luxuriant, and this, coupled with its ability to dominate large areas of water, belies its low photosynthetic capability. The ability to cover large areas despite a low photosynthetic rate is probably related to the low dry to fresh weight ratio of aquatic plants. The dry weight of a Hydrilla plant comprises only 8.8% of the fresh weight, whereas the value for a terrestrial soybean leaf is about 22%. In aquatic systems, it is likely that less photosynthate has to be used for support of the plant. The low photosynthetic rate measurements reflect productivity data, as on a dry weight basis, submersed fresh-water plants are less productive than terrestrial systems (32) .
The low photosynthetic rates cannot be attributed solely to diffusion limitations in an aquatic environment, as certain aquatic multicellular and unicellular algae photosynthesize at rates comparable to terrestrial angiosperms (5, 26) . The low RuDP carboxylase activity and the high apparent Km(CO2) values are probably contributory factors to the low photosynthetic rates. In the lake, the maximum free CO2 level was equivalent to only 48 /.M, indicating that in the natural habitat these plants not only photosynthesize at CO2 levels below saturation but also below their apparent Km(CO2). The high apparent Km(CO2) values for photosynthesis are not of universal occurrence in aquatic species as the fresh-water alga, Chlamydomonas, reportedly has a low value similar to terrestrial plants (5) . It is unlikely that the high apparent Km(CO2) values are due to RuDP carboxylase kinetics, as Hydrilla and spinach RuDP carboxylases exhibited similar Km(CO2) values.
At subsaturating CO2 levels, the enhancement in photosynthetic rate at pH 8 as compared with pH 4 has traditionally been regarded as evidence for HCO3-utilization (25, 30) . However, an increase in the affinity of RuDP carboxylase for CO2 at high pH and HCO3-concentrations (8) may provide an alternative explanation for the phenomenon. If the enhancement does reflect HCO3-use, it appears unlikely that it could be a factor enabling Hydrilla to replace native species, because for the three species examined, the degree of enhancement was similar. The importance of HCO3-use for the growth of aquatic plants is difficult to estimate, and has yet to be unequivocally demonstrated.
In areas of dense aquatic vegetation most of the daily photosynthetic activity occurs during the early morning hours (Table  I) . It is during this period that solar radiation is low (Fig. 2) , and thus the photosynthetic response of the plants to light should be an important determinant of competitive success. For the aquatic species examined, the irradiance required to saturate photosynthesis was similar. Saturation occurred at 28 to 33% of the equivalent full sun intensity. Thus, in the field, photosynthesis in the surface regions should not be light-limited for large parts of the day, and Hydrilla and Ceratophyllum might be expected to have equivalent photosynthetic rates (Fig. 6) . However, the aquatic species differed in the irradiance required to achieve the half-maximal photosynthetic rate and the light compensation point. To achieve a given, light-limited photosynthetic rate, Hydrilla had the lowest light requirement of the species examined. In the hours following sunrise, when free CO2 is highest and most photosynthetic activity occurs, this low light requirement would appear to provide Hydrilla with a distinct advantage.
AND BOWES Plant Physiol. Vol. 58, 1976 
